We utilize satellite laser altimetry data from ICESat combined with passive microwave measurements to analyze basin-wide changes in Antarctic sea ice thickness and volume over a 5 year period from 2003-2008. Sea ice thickness exhibits a small negative trend while area increases in the summer and fall balanced losses in thickness leading to small overall volume changes. Using a five year time-series, we show that only small ice thickness changes of less than -0.03 m yr and volume changes of -266 km 3 yr and 160 km 3 yr occurred for the spring and summer periods, respectively. The calculated thickness and volume trends are small compared to the observational time period and interannual variability which masks the determination of long-term trend or cyclical variability in the sea ice cover. These results are in stark contrast to the much greater observed losses in Arctic sea ice volume and illustrate the different hemispheric changes of the polar sea ice covers in recent years.
Introduction
The Earth's sea ice cover greatly influences the global climate by reflecting a large portion of the incoming solar radiation and providing a strongly insulating layer between the ocean and atmosphere. The annual cycle of sea ice growth and decay affects oceanic salinity which influences deep water formation and circulation of the world ocean (Gordon, 1991) . Recent observations of large losses of Arctic sea ice are considered a key indicator of changes presently occurring in the climate (e.g. Comiso et al., 2008; Stroeve et al., 2007; Kwok et al., 2009; Kurtz et al., 2011; Screen and Simmonds, 2010) . However, large-scale observations of Antarctic sea ice thickness and volume are still missing in order to determine trends and assess predictive models of future global climate change (Lemke et al., 2007) .
In contrast to declining Arctic sea ice, some models show the overall volume of the Antarctic sea ice cover may increase under a warming climate (Zhang, 2007; Powell et al., 2005) , while those used in global climate models predict a decrease (Gupta et al., 2009; Liu and Curry, 2010 ). Furthermore, model simulations also predict that increased global temperatures may lead to increased precipitation over the Southern Ocean (Watterson and Dix, 2003) , these changes in precipitation may lead to substantial changes in the thickness and volume of ice in the Southern Ocean through reduction of the oceanic convective heat flux (Manabe, 1992) . However, observational data of sea ice thickness and volume data across the Antarctic basin are still critically needed to support these hypotheses and more fully understand the impact of changes currently occurring in the polar climate systems.
Much of our current knowledge of Antarctic sea ice comes from satellite passive microwave measurements which have shown a slight increase in the areal coverage of sea ice over the last three decades (Zwally et al., 2002) . More recently, satellite altimetry data have been applied to the study of Antarctic sea ice. The use of satellite radar altimetry data for the potential study of Antarctic sea ice thickness has been investigated, while the results show some promise, the results are complicated by the fact that the radar signal may be reflected from an undetermined point within the snow layer rather than the snow-air or snow-ice interface Willatt et al., 2010) . Penetration of an infrared laser pulse into the snow layer is small, thus laser altimetry data are a promising way to study the Antarctic sea ice cover irrespective of the complicated snow morphology that is often found (Massom et al., 2001) . and Yi et al., [2011] used a combination of satellite laser altimetry data from NASA's Ice, Cloud, and land Elevation Satellite (ICESat) with snow depth retrievals from passive microwave data to estimate sea ice thickness in the Weddell Sea. They found a near zero trend in ice volume in the area suggesting that the large losses in multiyear sea ice thickness seen in the Arctic may not be present in the Antarctic. These and other studies (e.g. Weissling and Ackley, 2011; Xie et al., 2011) have demonstrated the potential of satellite laser altimetry data to be used in the retrieval of sea ice thickness, but to date this has not been done for the whole of the Antarctic basin. In this study, we utilize satellite laser and passive microwave data to provide a first time estimate of basin-wide Antarctic sea ice volume and the changes which occurred over a 5 year period spanning the lifetime of NASA's Ice, Cloud, and land Elevation Satellite (ICESat).
The study is organized as follows. A description of the data sets is presented in Section 2.
The methodology for the retrieval of sea ice thickness and volume is described in Section 3.
Comparisons of the satellite derived thickness data with in-situ measurements are described in Section 4. Section 5 presents the regional to basin-wide observations and trends. The results of the study are summarized in Section 6.
Data sets
ICESat sea ice elevation data products (Zwally et al. 2003) were used as the starting point to determine the sea ice freeboard. Here, we refer to sea ice freeboard as the height of the ice plus snow layers above the water level as this is what is measured by the laser altimeter aboard ICESat. The ICESat data have a footprint size of~70 m and a shot-to-shot spacing of 172 m. ICESat data were limited to the 13 campaign periods shown in Table 1 , our analysis is thus restricted to these time periods when ICESat data is available.
We first filtered out ICESat elevation data which have been significantly affected by atmospheric scattering such as from clouds or blowing snow. Scattering events increase the path length traveled by the photons which biases the retrieved elevation. These biased elevation data are identified from instrument and waveform derived parameters and removed using similar, but more conservative filtering parameters described by .
Specifically (1) data with a detector gain (i_gval_rcv in the GLA13 product) greater than 30 counts (60 counts for the low energy MJ04 campaign) are removed due to the high probability of being affected by atmospheric scattering and having a low signal-to-noise ratio (SNR); (2) data with a difference between the received waveform and fitted Gaussian (i_SeaIceVar) greater than 80 millivolts may be significantly affected by atmospheric scattering and are removed; and (3) data with a reflectivity (uncorrected for atmospheric effects, i_reflctUncorr) less than 0.05 (indicating a low signal) and greater than 1 (indicating a heavily saturated waveform) are removed; (4) data with a maximum received pulse amplitude (i_maxSmAmp) less than 0.4 volts for high energy campaigns (ON03 and ON04) and 0.3 volts for all other campaigns are also removed.
The areal coverage of sea ice was obtained from Special Sensor Microwave Imager (SSM/I) data using the NASA Team 2 algorithm (Markus and Cavalieri, 2000) to discriminate between the sea ice pack and open ocean. ICESat freeboard retrievals were only done in areas within the main sea ice pack and extending northwards towards the marginal sea ice zone where the ice areal coverage (ice concentration) was greater than 50%. This was done to reduce the impact of ocean waves which can bias the retrieved freeboard .
Methodology of sea ice thickness and volume retrievals
Our approach to determine the thickness and volume of the sea ice cover follows from the retrieval of sea ice freeboard from ICESat following the procedure described in Markus et al., [2011] and an assumption of hydrostatic balance to determine the total thickness of the sea ice above and below the water level. The freeboard retrieval method used here selectively identifies reference sea surface elevations within the ICESat data set, which when subtracted from the sea ice elevation data, yields the height of the snow plus sea ice layers above the water level termed the sea ice freeboard. The hydrostatic balance equation is used to infer the sea ice thickness from the retrieved sea ice freeboard values through observational estimates of the densities of snow, ice, and water.
Assuming hydrostatic balance, the total sea ice thickness above and below the water line, h i , is found using the following equation
where h s is the snow depth, h f the freeboard (defined here as the height of the sea ice plus snow layers above sea level) , ρ s , ρ i , and ρ w are the densities of snow, sea ice, and sea water, respectively. ICESat sea ice elevation data products are used to determine the sea ice freeboard where local sea surface reference points are identified. Sea ice freeboard can be found from ICESat elevation data, h e , by subtracting the local sea surface height, h ssh
An initial estimate for h ssh was first made by summing the contributions of the geoid, tides, and atmospheric pressure variations at each ICESat measurement and subtracting it from h e . Sea surface tiepoints were identified within the data where the elevation is below an expected deviation from the local mean surface. Sea ice freeboard was retrieved for each available elevation measurement where a suitable sea surface tiepoint was available within 12.5 km.
Using equation 1, sea ice freeboard can be converted into an ice thickness value through knowledge of the snow depth and densities of snow, sea ice, and sea water. In this study, the density of sea water is taken to be ρ w = 1024 kg m 3 (Fichefet and Morales-Maqueda, 1999) . The snow density is taken to be seasonally varying with values of ρ s = 320 kg m 3 , ρ s = 350 kg m 3 , and ρ s = 340 kg m 3 for the spring, summer, and fall periods respectively. These values were estimated by averaging the density values for a number of ship cruises summarized by Massom et al., 2001 . The sea ice density is also taken to be seasonally varying at ρ i = 900 kg m 3 for the spring and fall periods and ρ i = 875 kg m 3 for the summer period following Worby et al., [2008] and the observations of Buynitskiy, [1967] .
Accounting for snow loading in the ice thickness retrievals is much more difficult because of the large uncertainties present in available snow depth data sets. We address the issue of snow loading through an error analysis approach in order to determine the optimal method for estimating the snow loading contribution in a way which minimizes the expected errors in the retrieved ice thickness values. Excluding the negligible contribution of errors due to variations in sea water density (Kwok and Cunningham, 2008) , the error in the ice thickness retrieval (equation 1) is
where σ h i , σ h f , σ hs , σ ρs , and σ ρ i are the uncertainties of the ice thickness, freeboard, snow depth, and densities of snow and ice, respectively. Following the detailed discussion in Maksym and Markus, [2008] , we use estimates of σ ρ i = 20 kg m 3 for the sea ice density uncertainty and σ ρs = 50 kg m 3 for the snow density uncertainty. The estimated σ h f for the ICESat freeboard retrieval method is 1.8 cm . This comparison took place over an area spanning 50 km by 100 km and is an estimate of the uncertainty of the ICESat data on a local scale. Given this small uncertainty on the local scale, we estimate that over a regional to basin scale the random error in the freeboard data reduces to zero given the large number of measurements taken.
Uncertainties in the ice thickness due to snow depth errors will depend greatly on the choice of available snow depth estimates which currently include either passive microwave or model approaches. Passive microwave snow depth retrieval methods (Markus and Cavalieri, 1998) have an estimated uncertainty of 5 cm and a bias of~3.5 cm with higher regional differences also seen (Massom et al., 2006) . Snow depth from reanalysis precipitation estimates have been used in the Arctic region (Kwok and Cunningham, 2008) and could similarly be applied to the Antarctic region, but artifacts and errors in these data sets are still problematic (Nicolas and Bromwich, 2011 ). An error of at least 5 cm has been estimated for snow depth derived from model data for the Arctic region (Kwok and Cunningham, 2008) . For the Antarctic region, it has been shown that approximately half of the precipitating snow cover is lost to open water leads which would greatly bias the use of snow models from precipitation data alone (Leonard and Maksym, 2011) . However, in-situ observations have shown it is reasonable to assume that over the scale of an ice floe the height of the sea ice layer above the water level (ice freeboard), f b, is near zero (Adolphs, 1998; Jeffries et al., 1998; Weissling and Ackley, 2011) . Another recent study by Xie et al., [2011] showed specifically that the zero ice freeboard assumption was applicable to determine sea ice thickness from ICESat data in the Bellingshausen Sea region. Using this assumption of zero ice freeboard the freeboard measurements from ICESat are equivalent to the snow depth, h s . This allows the ICESat data to be used in the calculation of the ice thickness through the previously described parameters without the need for a snow depth data set. In this situation, the error in ice thickness can be written as
where σ f b is the error in the ice freeboard. Estimates of the mean value of f b for the Antarctic basin from analyses of both passive microwave and in-situ data sets is~1 cm (Maksym and Markus, 2008) . As a conservative estimate we take σ f b to be 2 cm for the purposes of our error analysis. From equation 3 and the ICESat freeboards calculated over the Antarctic basin we estimate an overall ice thickness error of 23 cm using the assumption of zero ice freeboard. Using the same snow depth and freeboard values but considering an error in snow depth to be 5 cm (e.g. expected from passive microwave snow depth retrievals) and equation 2, we find a higher error of 37 cm in ice thickness. Overall, we find that as long as σ f b is less than~4 cm the zero freeboard assumption will give a result with the lowest uncertainty and is thus the optimum choice for the ice thickness retrievals used in this study.
While the value reported using the zero freeboard assumption gives the lower bound in ice thickness and the accuracy may vary regionally , it nonetheless should be a useful estimate of the mean ice thickness over the Antarctic basin and for determining ice thickness and volume trends.
To determine the average sea ice thickness and volume for the Antarctic basin, the high resolution ICESat freeboard data were first gridded onto a 25 km polar stereographic projection grid. A 25 km grid size is used to coincide with the expected scale at which the sampling error of the ICESat data set is minimized (Weissling and Ackley, 2011) . Using the assumption of zero ice freeboard, sea ice thickness was calculated for each grid cell through a modification to equation 1 as
where h n i and h n f are the sea ice thickness and sea ice freeboard of each 25 km grid cell, n.
For each grid cell, we then fill in gaps in the gridded data using a distance weighted Gaussian function as follows
where w j is the normalized weight which is calculated as
where d jn is the distance between grid cells j and n, and c is the correlation length scale taken to be 125 km .
The volume of the sea ice cover was calculated by multiplying the area of each grid cell by the mean retrieved ICESat sea ice thickness value within the grid cell. The locations of sea ice covered grid cells were determined from Special Sensor Microwave Imager (SSM/I) satellite data using the NASA Team 2 algorithm (Markus and Cavalieri, 2000) . Combined sea ice thickness and volume fields were retrieved over the sea ice area (excluding the marginal sea ice zone towards the ice edge where ice areal coverage was less than 50%) using five years of ICESat data to analyze the changes and variability in the sea ice cover which took place over the 2003-2008 time period.
The overall ice thickness uncertainty of 23 cm applies to the absolute determination of the mean sea ice thickness. For the purpose of determining trends in the sea ice thickness and volume, the uncertainty is dependent on the interannual variability of the density terms.
If the retrieval method is unbiased and the interannual variability of the sea ice and snow densities is small, then the uncertainty for the basinwide mean sea ice thickness is
where N is the number of grid cells. Similarly, the uncertainty in the mean sea ice volume,
where A is the sea ice areal coverage and σ A is the uncertainty in the sea ice areal coverage.
N varies from a minimum of~5,000 in the summer time to a maximum of~30,000 in the spring. Due to the large number of observations taken, the uncertainties in mean sea ice thickness and total volume are expected to be small. However, this should be regarded as the best case scenario, if there is interannual variability in the density of sea ice and snow then these terms will introduce additional uncertainty in the mean thickness and volume trends.
Comparisons with ship-based observations
To investigate the reliability of sea ice thickness data from the ICESat data set, we compare our data with ship-based observations from the Antarctic Sea Ice Processes and Climate estimated to range from ±20% for level ice greater than 0.3 m to up to ±50% for ridged ice .
In order to place the ASPeCt observations onto the same seasonal and spatial scales as the ICESat data, we have placed the ASPeCt observations onto the same 25 km polar stereographic grid as ICESat. Table 2 shows the comparison between the data sets for two time periods: 1) All ship-based observations for each respective season from the 1981-2005 period have been averaged to provide an estimation of a climatological data set. To minimize time discrepancies between the climatological data and the ICESat measurements, the measurements were averaged only within the same months of the ICESat campaigns shown in Table   1 . 2) All ship-based observations that occurred during the ICESat measurement periods have also been averaged to provide a more temporally limited comparison by season. There were no fall ASPeCt measurements within the same data collection time period as the ICESat data campaigns so no comparison for these times was possible. 
Sea ice thickness and volume results
Maps of the seasonally averaged sea ice thickness values are shown in Figure 1 . km 3 in the spring. Thus, the amplitude in the annual cycle of ice production and melt (less ice export) was~8000 km 3 . This annual cycle of ice production and melt is larger than that of the Arctic which has an annual ice production of~3400 km 3 , though a higher maximum ice volume of 16400 km 3 in the spring (Kwok et al., 2009) .
The distribution of the sea thickness measurements are shown in Figure 2 . The mode of the thickness distributions for the spring and fall seasons is between 20 and 30 cm for all seasons. This is also around the maximum thickness that the pack ice has been observed to thermodynamically grow before it is deformed (Allison and Worby, 1994; Jeffries et al., 1997; Wadhams et al., 1987) suggesting that undeformed ice is the most frequent sea ice type Antarctic. The large tails of the distributions and mean thickness values of > 70 cm suggest that much of the ice volume is from deformed ice.
Trends in the mean sea ice thickness and volume over the five year time period are shown in Table 3 . ICESat data were limited to the times shown in Table 1 , our analysis is thus restricted to these time periods when ICESat data is available. A difficulty in discerning trends in the data is due to the fact that the ICESat operational periods do not always start and end on the same dates. This causes additional variability in the data sets and complicates interpretation of the true annual trends in sea ice volume. This impact was found to be of greatest importance in the 2005 and 2006 spring ICESat campaigns which began almost 3 weeks later than those for the previous spring campaigns. Thus, melting of the ice had already begun in some regions which decreased the ice area and thus ice volume observed in our data set. To quantify the impact of these differences for the trend calculations, we calculate two separate trends in ice area and volume: 1) using the specified time periods in Table 1 , and 2) using ice areal coverage for the spring 2005 and 2006 campaigns with dates equivalent to the spring 2004 data set. In the following we discuss the thickness trends with respect to case 2), as melting of the ice distorts the calculated trend in volume loss for case 1) due to the natural temporal cycle of ice melt.
In contrast to the large negative sea ice thickness trends of -0.2 m/yr recently observed in the Arctic (Kwok et al., 2009) , we observed only small negative trends of less than -0.03 m/yr in the thickness of the Antarctic sea ice cover. The summer period shows the largest variability and negative trend of -0.03 m yr in the sea ice thickness data. Despite the negative thickness trend, the overall volume trend in the summer is positive at 160 km 3 yr (4.8% yr −1 ).
The spring period also showed small negative trends of -0.02 m yr in mean ice thickness. The volume trend for the spring period is negative at -266 km 3 yr (-2.4% yr −1 ) due mainly to the loss of ice thickness rather than areal coverage of sea ice. This loss in sea ice volume is much smaller than the -862 km 3 yr volume trend which has been observed for the late winter/early spring period in the Arctic (Kwok et al., 2009) . To investigate regional trends in the data we divide the Antarctic into six longitudinally distinct regions following Worby et al., [2008] and shown in Figure 4 . The regional trends in Antarctic sea ice thickness and volume are shown in Table 3 . With the exception of the Bellingshausen and Amundsen Seas, the summer time period exhibited negative thickness trends in all regions. These negative thickness trends were most prominent in the perennial ice area of the western Weddell Sea and the thick ice near the coast in the Indian Ocean sector. The Weddell Sea also showed negative ice thickness trends in the spring period as well. But losses of ice thickness in the Weddell Sea and other areas were found to be nearly balanced by large positive thickness trends in the Bellingshausen and Amundsen Seas, leading to only a slight negative trend in the overall mean ice thickness. For the summer periods, volume loss in the Bellingshausen, Amundsen, and western Weddell seas was mostly offset by volume gains in the Ross and eastern Weddell seas. These volume gains were due to increases in ice area, as the mean ice thickness decreased in all regions. The overall loss of ice volume in the spring was found to be due to losses in the mean ice thickness.
Summary
We have utilized satellite laser altimetry data from ICESat and passive microwave data from SSM/I to provide a first time estimate of both sea ice thickness and volume over the Southern Ocean. These observations are an important component of understanding past, present, and future changes to the Antarctic sea ice cover. Knowledge of Antarctic sea ice thickness and volume is required for a diverse array of climate studies including global temperature changes (Rind et al., 1997) , sustainability of algae communities in the Southern Ocean ecosystem (e.g. et al., 1999) , assessing the representation of sea ice in global climate models, and many more.
McMinn
An absolute uncertainty of 23 cm is calculated for our sea ice thickness results using a propagation of uncertainties in the input parameters to the hydrostatic balance equation.
Agreement between our retrieved ICESat sea ice thickness values with in-situ data are all within the estimated uncertainty demonstrating the consistency of the retrieved ice thickness results. The extent to which long-term trends in the thickness and volume of the Antarctic sea ice cover can be found is limited due to the 5 year operational lifetime of the ICESat mission, as well as the limited temporal sampling. But linking these measurements to current and future airborne (e.g. NASA's Operation IceBridge) and satellite missions (e.g. ESA's CryoSat-2) will provide a vital component for understanding long-term changes in Antarctic sea ice and its impact on the climate. The statistical significance of the trends in sea ice thickness and volume depends primarily on the interannual variability of the densities of snow and ice, if the mean densities vary little on a year-to-year basis then the small trends calculated, while small, are still statistically significant. Determination of the interannual variability of the sea ice and snow density values thus remains a necessary component to fully assess trends in the sea ice thickness and volume from the satellite altimetry record.
The recent losses in Arctic sea ice volume are due predominantly to thinning and loss of the perennial sea ice cover (Kwok et al., 2009) . Similarly, we find that the recent volume losses in the spring for the Antarctic sea ice cover are also due to thinning of the sea ice, but this thinning is much smaller than that observed for the Arctic over the same 2003-2008 time period. Unlike the Arctic where the observed thinning is likely driven by thermodynamic and dynamic changes, the Antarctic sea ice variations could be driven more by precipitation changes which impact snow-ice formation and oceanic heat exchange. However, future work with model simulations is needed to better understand the forcing factors which most heavily drive changes in the Southern Ocean sea ice cover.
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